We present a joint theoretical and experimental investigation of the N 1s photoionization of NO 2 in the shape resonance region. The theoretical calculations, based on a single-channel relaxed-core Hartree-Fock approximation, predict that the shape resonance appears only in the A 1 → B 2 transition and that the shape resonance energy of the N 1s −1 1 A 1 channel is about 2.6 eV lower in kinetic energy than that of the N 1s −1 3 A 1 channel, suggesting that the potential for the 1 A 1 channel is much more attractive than that for the 3 A 1 channel.
We present a joint theoretical and experimental investigation of the N 1s photoionization of NO 2 in the shape resonance region. The theoretical calculations, based on a single-channel relaxed-core Hartree-Fock approximation, predict that the shape resonance appears only in the A 1 → B 2 transition and that the shape resonance energy of the N 1s −1 1 A 1 channel is about 2.6 eV lower in kinetic energy than that of the N 1s −1 3 A 1 channel, suggesting that the potential for the 1 A 1 channel is much more attractive than that for the 3 A 1 channel.
Symmetry-selected cross sections measured by means of a multiple-ion coincidence imaging prove that the shape resonance appears only in the A 1 → B 2 transition, as predicted by the calculation. The experimental partial cross sections for the N 1s −1 1 A 1 and 3 A 1 channels measured by means of conventional electron spectroscopy exhibit the shape-resonance maxima at photon energies of 416.3 and 415.9 eV, respectively, at corresponding kinetic energies of 3.0 and 3.3 eV, respectively, implying that the attractive potential for the 1 A 1 channel is overestimated in the single-channel approximation. The possible role played by correlation effects on the K-shell ionization of NO 2 is discussed in terms of interchannel coupling between the main-line channels and, possibly, with additional excited target states. 
I. INTRODUCTION
Strong resonance features in K-shell absorption spectra of small molecules are usually described as the transition of a 1s electron to an unoccupied molecular valence-like orbital [1] . Another method which has been widely used to describe the resonances above the threshold, often called shape resonances, ascribes the resonant enhancement to the temporary trapping of the photoelectron by the angular momentum barrier, through which the electron eventually tunnels, emerging in the continuum [2, 3] . Both extensive experimental and theoretical studies have been carried out for soft x-ray interactions with various molecules and these studies have been in many excellent critical reviews, such as the recent one by Piancastelli [4] .
The present study is concerned with shape resonances which appear in the N 1s photoionization spectrum of NO 2 . The photoabsorption spectra of NO 2 in the soft x-ray range reveal pronounced absorption peaks, which can be rationalized using single-particle theories [2, 3] , if one neglects the accompanying many-body effects, notably Auger processes. There is a substantial practical and fundamental need for quantitative spectroscopic information for NO 2 in the soft x-ray region of the electromagnetic spectrum, because of the role played by its trace constituents in the upper levels of the earth's atmosphere in the reaction leading to the depletion of the ozone layer [5, 6] . The NO 2 molecule belongs to the C 2v point group in the ground state, the electronic configuration of which is 1b 2 2 1a 1  2 2a 1  2 3a 1  2 2b 2  2 4a 1  2 5a 1  2 3b 2  2 1b 1  2 1a 2  2 4b 2  2 6a 1  1 2b 1  0 7a 1  0 5b 2  0 ; 2 A 1 .
͑1͒
The dipole allowed transition from the ground state in A 1 symmetry reaches the A 1 , B 1 , and B 2 symmetry states (see, for example, [7, 8] ). Figure 1 shows relations between the molecular orientation and the dipole moment for the excitation or ionization to the A 1 , B 1 , and B 2 states. There are a couple of characteristic points to be addressed. First, in the previous studies [8] [9] [10] , the shape resonance in the N 1s We have carried out theoretical calculations on the N 1s photoionization of NO 2 , in the framework of the singlechannel relaxed-core Hartree-Fock (SCRCHF) approximation [11] [12] [13] [14] , and using multiplet-specific potentials, for the *Electronic address: ueda@tagen.tohoku.ac.jp determination of the singlet and triplet partial cross sections and asymmetry parameters profiles. The theory confirmed that the shape resonance appears only in the B 2 symmetry continuum. Furthermore, the theory predicts that the shape resonance energy exhibits strong term dependence, suggesting a much more attractive effective potential in the 1 A 1 channel than in the 1 A 1 channel. Using these predictions as a guide, we have carried out two different experiments, multiple-ion coincidence imaging [15] [16] [17] [18] [19] and core-level photoelectron spectroscopy [20] [21] [22] . The former allows us to measure the symmetry-selected partial cross sections and confirms that the shape resonance appears only in the B 2 symmetry continuum. The latter allows us to measure the multiplet resolved partial photoabsorption cross sections. The result indicates that the potential in the 1 A 1 channel is more attractive than in the 3 A 1 channel but not as attractive as predicted in theory. We will therefore discuss how the inclusion of correlation effects, which are not explicitly included in our theoretical approach, can potentially alter the single-particle picture of the K-shell ionization of NO 2 which emerges from our calculations.
The next section describes our theoretical method and computational details. Section III describes our experimental methods and procedures. In Sec. IV, we compare the theoretical and experimental results and discuss them. Section V is a summary.
II. THEORETICAL

A. Method
The N 1s inner shell photoionization of the NO 2 molecule was studied within the SCRCHF approximation. Since the basics of the SCRCHF theoretical method employed are extensively covered in the literature [11] [12] [13] [14] , here we only sketch the general features. The essential quantities in the calculation of molecular photoionization cross section and asymmetry parameters are the "length" and "velocity" forms of the dipole transition matrix elements,
respectively. In Eqs. (2) and (3), ⌿ i is the target ground state wave function, ⌿ f,k ជ ͑−͒ is the final-state wave function, E is the photon energy, k ជ is the photoelectron momentum, and n is a unit vector in the direction of polarization of the light. In our SCRCHF approximation, both the initial-and final-state electronic wave functions are represented by single spin-and symmetry-adapted configuration state functions constructed using a common set of molecular orbitals (MOs). Specifically, we have used the HF MOs of the final ion target states, with a fixed hole in the 2a 1 N 1s orbital (vide infra). This procedure attempts to capture some of the effects arising from the relaxation of the ionic core, with the advantage of avoiding the nonorthogonality problem which occurs when the initial and final states use different orbital sets [23, 24] . In this respect we note that similar procedures, while employing MO sets obtained by using the Slater's transition-state approximation [25] , have been widely used in recent years when dealing with inner-shell excitation and photoionization processes [26] [27] [28] [29] [30] [31] . Independent of the choice of the set of MOs used to build the initial and final scattering states of the system, in the SCHF approximation the scattering problem is reduced to the solution of a Schrödinger-type equation for the unbound photoelectron orbital:
In Eq. (4), V N−1 is the static-exchange (SE) potential of the molecular ion and k ជ ͑−͒ ͑r ជ͒ satisfies the appropriate scattering boundary conditions. In our implementation we recast the differential equation (4) together with the boundary conditions to the corresponding integral equation (the Lippmann-Schwinger equation) by using the appropriate Green function. The Lippmann-Schwinger equation is solved by employing the single center expansion technique [13] together with an iterative procedure based on the Schwinger variational principle and Padé approximants [11] . Full advantage is taken of the symmetry of the nonlinear target (C 2v in the present case), by using symmetry-adapted spherical harmonics, which transform as the various irreducible representations of the molecular point group [13] . 
where i = 1 A 1 or 3 A 1 , can be expressed in terms of the partialwave components of the dynamical coefficients I k ជ ,n ͑L,V͒ of Eqs.
(2) and (3) using standard expressions [11] . In the calculations reported here we will present results in the mixed form of the dipole operator which is known to satisfy the ThomasReiche-Kuhn sum rule [32] . While our present implementation of the close-coupling scattering equations does not allow for the mixing of different electronic target states, essentially restricting our analysis to a one-electron picture of the phenomenon, the coupling of the continuum partial-wave channels induced by the anisotropic molecular potential is fully accounted for, greatly improving the theoretical description of the scattering process over the past investigations [8, 9] which based their analysis on the crude muffin-tin approximation for the interaction potential, usually assumed in the multiple-scattering method [33, 34] . It is also worth noting that the past theoretical treatment of the scattering process [8, 9] did not take into account the two possible spin-multiplicities of the final ionic states, giving results referring only to the 3 A 1 N 1s −1 ionic state. Lastly, as will be outlined in the computational section, the strong relaxation effects that inevitably follow the ionization of the strongly localized N 1s core orbital are modeled with a careful choice of the molecular orbital set used in the construction of the final target states.
Furthermore, electron scattering resonances in specific continuum channels have been analyzed by using the adiabatic static model exchange (ASME) method [35] , which employs a local approximation to the HF exchange term and solves the resulting scattering equations in a set of "adiabatic" angular functions. In the ASME method, the resonant energies are determined by locating the poles of the scattering matrix on the unphysical sheet of the complex plane [36] and the corresponding wave function is then extracted and analyzed. The ASME method has been widely used in recent years by our group [12, 35, 37, 38] for the characterization of shape resonances in terms of "dynamical" trapping of high-l partial waves in the molecular range of the effective scattering potential. An interpretation of these resonant processes as one-electron transitions to virtual antibonding MOs can be drawn from the comparison between the continuum ASME orbitals and virtual molecular orbitals obtained from minimum basis set (MBS) calculations.
B. Computational details
For the two NO 2 + N 1s −1 ion target states, the photoelectron wave functions are obtained by using the SE potential constructed from the self-consistent field (SCF) orbitals of the corresponding ion states. In the SCF calculations we have used the augmented correlation-consistent polarized valence triple zeta (aug-cc-pVTZ) basis set included in the MOLPRO [39] suite of programs. The SCF total energies obtained with this basis set were −188.841 907 a.u. and −188.870 877 a.u. for the 1 A 1 and 3 A 1 N 1s −1 ion states respectively, at the NO 2 equilibrium geometry of the ground state [R͑N-O͒ = 1.19455 Å and Є͑O-N-O͒ = 133.851°from Ref. [40] ]. At the same geometry the (aug-cc-pVTZ) SCF energy of the ground state is −204.105 612 a.u., giving a singlet-triplet spacing of about 0.78 eV, which compares remarkably well with the experimental XPS result of 0.70 eV [41] .
As a preliminary to this work we have studied the effects of the degree of core relaxation on the shape resonant cross section (total symmetry 2 B 2 ) in order to select the most suitable sets of MOs for the construction of the initial N-electron and final ͑N −1͒-electron states. We first attempted to study the N K-shell ionization of NO 2 by the simpler frozen-core HF (FCHF) approximation [11] , where the neutral-molecule ground-state SCF orbitals are assumed for both the initial and final ionic states. However, the unscreened FCHF scattering potential proved too attractive, which caused a shift of the resonance positions below the ionization thresholds. We then tried to model the restructuring of the molecular core following the ionization by using MO sets obtained from a multi-configuration SCF calculation with selected singlehole configurations included. Again we found that the resulting V N−1 potential was too attractive, especially in the N 1s
These preliminary results indicated that the best approach would be to include relaxation effects using continuum orbitals determined in the field of the completely relaxed ion core. Although this assumption is not rigorous, early applications to atomic and molecular photoionization have shown that this is quite reasonable, usually giving relaxed-core cross sections which compare favorably with the experiment, after a typical shift of a few eV to lower photon energies [23] . As a result of the excessive screening of the N 1s −1 hole, we have shifted our results by 5.5 eV to lower photon energies in order to compare with the experiment. Photoelectron kinetic energies were converted to photon energies, using the experimental values for the ionization potentials reported in the literature [8] , namely 412.6 and 413.3 eV for the 3 A 1 and 1 A 1 N 1s −1 target states, respectively.
Our expansion for the molecular orbitals and for the scattering wave functions included partial wave up to l max = 30. With this truncation, the largest error in the normalization of the molecular orbitals was 1.4% for the 1a 1 and 1b 2 orbitals (1s on the oxygen atoms).
III. EXPERIMENTAL
The experiments were carried out on the c branch of the soft x-ray photochemistry beamline 27SU [42, 43] at SPring-8. A figure-8 undulator of this beamline provides linearly polarized light, whose electric vector is horizontal for the first-order harmonic light and vertical for the 0.5th-order harmonic light [44] . With acceptance angles employed in the present experiments, the degree of light polarization is almost perfect on the beam axis [45] . The monochromator is of Hettrick type [46, 47] . It has three exchangeable varied linespacing plane gratings and covers the photon energy region from 150 to 2500 eV [48] . The photon bandwidth used for the present experiment was about 140 meV at the photon energy of 410 eV. We carried out two different types of ex-periments, a multiple-ion-coincidence momentum imaging [15] [16] [17] [18] [19] and angle-resolved core-level photoemission spectroscopy [20] [21] [22] .
Our multiple-ion-coincidence momentum imaging is based on a measurement of the time-of-flight (TOF) of the positively charged particles with a position-sensitive ion detector [15] [16] [17] [18] [19] . Photoionization of the N 1s orbital generally leads to the creation of doubly or triply charged molecules, which fragment as a result of the ionization. In our study, we have selected reaction channels in which the molecule fully fragmented into singly charged atomic ions, N + +O + +O + , which were then detected in coincidence. Measurements of the position and the arrival time on the detector, ͑x , y , t͒, of all the three ions, N + , O + , and O + , in coincidence allowed us to extract information about the linear momentum ͑p x , p y , p z ͒ of each ion without any ambiguity and thus to resolve the symmetry species, A 1 , B 1 , and B 2 , of the photoionized continuum states in the NO 2 molecule, as described in detail in the following subsection.
The NO 2 sample gas was introduced in the form of a supersonic jet and crossed the photon beam perpendicularly. The photon beam was focused to a size of less than 0.5 mm in height and 0.2 mm in width. The TOF axis was fixed perpendicularly to both the light beam and the supersonic jet. The length of the acceleration regions for the ion TOF spectrometer was 21.6 mm and no field free drift region was equipped. Ions were extracted with a static extraction field of about 1.1 V / mm and were detected by a multi-channel plate (MCP) of 80 mm effective diameter, followed by a twodimensional square-type delay-line anode (DLD-80, manufactured by RoentDek [49]). Electrons were detected by another MCP of 80 mm effective diameter placed at the opposite end of the accelerating region, followed by a hexagonal-type delay-line anode (HEX-80, manufactured by RoentDek [49]) with an acceleration region of 32.9 mm and a drift region of 66.7 mm. A uniform magnetic field was superimposed to the spectrometer by a set of Helmholtz coils outside the vacuum chamber. The magnetic field was zero near the N 1s ionization threshold or 5 G for higher photoelectron energies. Under these conditions all the N 1s photoelectrons ejected in 4 sr were driven onto the MCP.
TOFs of ions and electrons were measured with respect to the bunch marker of the synchrotron radiation source. The storage ring was operated in a 203-bunch mode, which corresponded to a bunch separation of 23.6 ns. The data were recorded when at least one electron and three ions were detected in coincidence. The measurements were performed for the vertical direction of the photon polarization vector (E vector). In the experiment, the N 1s photoelectrons were recorded in coincidence with three ions. The coincident photoelectron spectra were, however, severely contaminated by the overlap of the low-energy Auger electron spectra, because the three-ion coincidence selects the channels which emit the low energy second-step Auger electron from the Auger final state (Auger cascades) as well as the channels which emit two Auger electrons from a single core-hole state (double Auger) and thus the low-energy electron coincident with three ions can be not only the N 1s photoelectron but also the low-energy Auger electron. Rather poor momentum resolution for the electrons and insufficient quadruple coincidence count rates, together with the overlap between the photoelectron and the low-energy Auger electron, prevented us from determining the multiplet-resolved partial cross sections for the 3 A 1 and 1 A 1 channels from the present coincidence experiment. Angle-resolved core-level photoemission spectroscopy was employed to obtain the multiplet-resolved partial photoabsorption cross sections for the 3 A 1 and 1 A 1 channels. The electron spectroscopy apparatus consisted of a GammadataScienta SES-2002 hemispherical electron energy analyzer with a gas cell and a differentially pumped chamber; the lens axis was fixed in the horizontal direction and the photon beam was parallel to the entrance slit [50] . The analyzer was operated at a pass energy of 5 eV and a slit of 4 mm, resulting in an electron energy resolution of about 63 meV. Angleresolved photoelectron spectra were measured by switching the direction of the photon polarization vector from horizontal to vertical and vice versa [44] . The transmission function of the analyzer was obtained by recording the Ne 1s photoelectron spectrum in the kinetic energy region of interest and in agreement with a more extended calibration of the analyzer transmission to be discussed in a subsequent publication.
IV. RESULTS AND DISCUSSION
A. Symmetry-selected partial cross sections
The theoretical symmetry-selected partial cross section curves are illustrated in Fig. 2 . The theoretical profiles have been shifted by 5.5 eV to lower photon energy in order to reproduce the experimental position of the resonance.
A simple interpretation of the resonant states can be gained from the comparison between the continuum wave function calculated with the ASME method and virtual orbitals obtained from MBS calculations on the molecular ground state. Figure 3 shows the 5b 2 virtual orbital as obtained from a HF/STO-3G calculation on NO 2 (upper panel) and the real part of the b 2 resonant wave function for the triplet N 1s −1 FIG. 2. Symmetry-selected photoabsorption spectra and total ion yield of NO 2 above the N 1s ionization threshold, together with theoretical symmetry-selected partial cross sections. The statistic error for the experimental data is less than the symbol size. The total ion yield intensity is normalized to the theoretical total intensity at 416 eV.
scattering channel (lower panel). The strict similarity displayed by the two orbitals leads us to interpret the resonant state as a one-electron transition to the 5b 2 * virtual antibonding orbital, in agreement with the earlier works [8] [9] [10] . In addition, the analysis of the radial components of the ASME continuum wave function (not reported) suggests that the resonant states are predominantly f waves at large distances, in accord with past theoretical investigations [8, 9] .
In passing we note that the present results are very similar to the resonant state found in the low-energy electron scattering from NO 2 [51] , once more highlighting the close connection existing between resonant states found in photoionization and electron scattering processes [52] .
In order to derive the symmetry-selected partial cross sections from the triple-ion coincidence momentum imaging, the following data treatment is applied. Figure 1 shows relations between the E vector and the molecular orientation when the molecule is ionized into A 1 , B 1 , and B 2 states. The triple-ion coincidence momentum imaging allows us to extract the linear momenta of N + , p͑N + ͒, and the oxygen fragments, p͑O 1 + ͒ and p͑O 2 + ͒. Note that the C 2v molecular axis coincides with p͑N + ͒ whereas the normal vector n ជ of the molecular plane coincides with the vector product p͑O 1 + ͒ ϫ p͑O 2 + ͒. Thus, we can define the orientation of the molecule and thus the transition symmetry for each event. The transition dipole moment for the A 1 → A 1 transition is parallel to the C 2v molecular axis. Thus we have extracted the A 1 → A 1 transition, selecting the events in which p͑N + ͒ is parallel to the E vector, with the angles between p͑N + ͒ and the E vector smaller than 20°. The transition dipole moment for the A 1 → B 1 transition is perpendicular to the molecular plane. Thus, we have extracted the A 1 → B 1 transition, selecting the events in which p͑O 1 + ͒ ϫ p͑O 2 + ͒ is parallel to the E vector, with the angles between p͑O 1 + ͒ ϫ p͑O 2 + ͒ and the E vector smaller than 20°. For the A 1 → B 2 transition, the transition dipole moment is in the molecular plane and perpendicular to the C 2v molecular axis. Thus we have extracted the A 1 → B 2 transition, selecting the events in which p͑O 1 + ͒ − p͑O 2 + ͒ are parallel to the E vector, with the angles between p͑O 1 + ͒ − p͑O 2 + ͒ and the E vector larger than 20°. The purity of A 1 , B 1 , and B 2 thus extracted are estimated to be better than 96%.
From the extraction of the transition symmetry described above, we have determined the intensity ratios among the A 1 → A 1 , A 1 → B 1 , and A 1 → B 2 transitions and decomposed the total cross section, represented by the total ion yield, into the symmetry-selected partial cross sections using these ratios. Figure 2 includes also the experimental symmetryselected partial cross sections thus obtained for the A 1 → A 1 , A 1 → B 1 , and A 1 → B 2 transitions, together with the total ion yield spectrum. The total ion yield spectrum is normalized to the maximum of the calculated cross section. One can see that the shape resonance appears only in the A 1 → B 2 transition, as predicted and discussed above. The partial cross sections of the transitions to the A 1 and B 1 states show no enhancement around the shape resonance region: the measured cross sections are somewhat larger than the theoretical results.
B. Multiplet-resolved partial cross sections
The calculated 1 A 1 and 3 A 1 N 1s −1 partial cross sections are shown in Fig. 4 . The theoretical profiles have been shifted by 5.5 eV to lower photon energy as in the case of a photon energy of 414.34 eV, which is lower than for the 3 A 1 channel. The theoretical results thus suggest that the effective potential experienced by the photoelectron in the 1 A 1 channel is much more attractive than that in the 3 A 1 channel. The calculated values of the asymmetry parameter ␤ for the two channels are shown in the lower panel of Fig. 4 . The ␤ for the 1 A 1 channel is negative at the threshold and increases as the photon energy increases, whereas the asymmetry parameter for the 3 A 1 channel has a minimum at a photon energy of about 417 eV, overall reflecting the cross section results.
The following procedure was applied to extract the intensity ratios for the 1 A 1 and 3 A 1 photoelectrons. Figure 5 shows examples of angle-resolved photoelectron spectra of NO 2 measured at photon energies of 420.1 and 416.25 eV. First, a slanted baseline due to scattered electrons was subtracted and the correction for the transmission of the analyzer was made for all the spectra. Then, contributions from second step Auger transitions were subtracted: the spectrum recorded at 420.1 eV was used as a reference, which was subtracted from the spectra at all photon energies. Spectra in Fig. 5 correspond to the ones after these corrections. Then, we have fitted the spectra with two vibrational progressions corresponding to the 1 A 1 and 3 A 1 photoelectrons. Here a Poisson distribution for the vibrational components with a spacing of 90 meV was assumed. A PCI line shape by van der Straten et al. [53] with a constant natural width of 130 meV was employed for each vibrational component. The points in Fig. 5 are the experimental data. The dashed lines correspond to the vibrational components obtained by the curve fit and the two solid curves denote the sum over the vibrational components for 1 A 1 and 3 A 1 . The curve fitted to the data points is the sum of these two solid curves. In order to obtain the spectral intensities for 1 A 1 and 3 A 1 , the area of the fitted curves were integrated from −ϱ to the maximum kinetic energy is calculated. The partial cross section and asymmetry parameter ␤ are obtained using the following equations:
The resulting 1 A 1 and 3 A 1 N 1s −1 partial cross sections and asymmetry parameters ␤ are included in Fig. 4 . The experimentally obtained total cross section is in good agreement with the ion yield curve, suggesting that the correction of the transmission function for the photoelectron spectra is reasonable. [41] , the energy difference of the two multiplet thresholds thus is 0.7 eV, whereas the energy difference of the shape resonance for the two multiplet components is 0.4 eV. This means that the potential in the 1 A 1 channel is somewhat more attractive than that in the 3 A 1 channel. The agreement with theoretical prediction is, however, not completely satisfactory. The experimental ␤ for the 1 A 1 channel agrees well with the theoretical prediction, whereas the experimental ␤ for the 3 A 1 channel nearly coincides to that of the 1 A 1 channel and exhibits deviation from the theoretical prediction.
The latter observation suggests that many-body effects, not explicitly included in our theoretical treatment, are likely to play an important role in the narrow energy region explored in the present study. Thus the more likely explanation for the discrepancies found between the measured and calculated and ␤ is the neglected interchannel coupling. An example where the interchannel coupling proves important is the 5 −1 photoionization from NO [54] . In that work it was indeed pointed out that strong multiplet-specific effects in the 5 −1 photoionization did not show up in a multichannel treatment of the process: in a correlated treatment, a resonant feature does not always allow for an analysis in terms of isolated channels. This happens in instances when a single resonant state decays into different exit channels, as was found in NO [54] .
The observation that interchannel coupling between two inner-shell open channels, whose thresholds are closely separated in energy, is responsible for a substantial redistribution and/or shift of intensity among the coupled channels, has been rather well documented in recent years, especially in the atomic case [55, 56] . Thus, in the 3d photoionization from atomic xenon, it has been experimentally suggested [55] and soon thereafter theoretically demonstrated [56] that the interaction among photoionization channels from the members of a spin-orbit doublet produces a marked redistribution of intensity between the two main-line channels. The latter finding could at first suggest that similar correlation effects take place between the 1 A 1 and 3 A 1 exit channels in NO 2 , whose energy separation of about 0.7 eV is determined by the ex- change interaction. However, in the present case the existence of two separate resonances cannot be simply assumed, in contrast to the Xe case [55, 56] , since the resonant enhancements in the 1 A 1 and 3 A 1 exit channels are experimentally found to be very close in energy.
From the comparison between theory and experiment we can reasonably expect interchannel coupling effects to manifest themselves into two different and distinct ways, notably (a) there can be only a single resonant state with significant oscillator strength which decays into both the 1 A 1 and 3 A 1 channels (as found for example in the NO system [54] ), indicating that interchannel coupling effects are of equal importance to the multiplet specific intrachannel interaction terms, or (b) there are possibly two strong resonances which accidentally happen to occur at roughly the same photon energy. In case (b) it is still reasonable to assume that interchannel coupling can potentially affect the distribution of oscillator strength between the two resonant continua, compared to a single-channel treatment, therefore in a manner similar to that found in Xe [55, 56] .
In order to shed some light to these open issues, we have determined the dipole transition moments for the two 2a 1 → 5b 2 * transitions. Minimum basis set and improved virtual orbital (IVO) calculations have been shown in many instances to give a reasonable qualitative understanding of the location of the resonances [35, 57] . We have therefore performed a minimum-basis restricted-active space (MB-RAS) calculation with the MOLPRO suite of programs [39] on the N-electron N 1s −1 core hole states of NO 2 . Such a calculation is therefore expected to give qualitative insights about the mutual position and the one-particle nature of the N-electron resonances. The MB-RAS calculation gives two N-electron states which correspond to 2a 1 → 5b 2 * excited states (although both of the states show strong mixing with higher excited configurations) and with appreciable oscillator strength. For the first state, the dominant 2a 1 → 5b 2 * configuration shows the 2a 1 and 6a 1 orbitals singlet coupled and is predicted at a total energy of 421.07 eV. For the second state, the dominant 2a 1 → 5b 2 * configuration shows the 2a 1 and 6a 1 orbitals triplet coupled with an excitation energy of 422.34 eV, with a singlet-triplet separation of about 1.3 eV. These theoretical findings thus suggest that, at variance with the NO case [54] there are likely two separate resonances in both the 1 A 1 and 3 A 1 channels whose mutual separation is found to be of roughly 1.3 eV in the MB-RAS calculation and 1.9 eV in the SE scattering calculations (2.0 and 2.6 eV, respectively, in the kinetic energy scale). Also note that both the calculations consistently predict a more attractive 1 A 1 scattering potential compared to the 3 A 1 one. The discrepancies between these theoretical values and the experimental one of 0.3 eV could then be ascribed partially to experimental uncertainties (the estimated error affecting the energy separation of the two resonant features is determined to be about 0.4 eV) and to the neglect of interchannel coupling between the two 1 A 1 and 3 A 1 exit channels and, possibly, coupling with additional excited target states (i.e., shake-up states).
V. CONCLUSION
Symmetry-and multiplet-resolved N 1s photoionization cross sections of the NO 2 near the N 1s shape resonance are obtained both theoretically and experimentally. We have confirmed theoretically and experimentally that the shape resonance appears only in the A 1 → B 2 transition. It should be noted that the present study is the first experimental confirmation of this fact. The measured partial cross sections of the 1 A 1 and 3 A 1 channels are found to exhibit maxima at the photon energies of 416.3 and 415.9 eV, respectively, whereas the calculated maxima are at 414. 34 
